Abstract. Docetaxel is an effective drug for the treatment of metastatic breast cancer. However, the exact mechanisms and/or markers associated with chemosensitivity or resistance to docetaxel remain unclear. We previously showed that the expression of prostate apoptosis response 4 (PAR4) inhibits the growth of MCF7 breast cancer cells and increases their sensitivity to docetaxel. Using cDNA microarray analysis, we evaluated transcriptome changes in MCF7 cells expressing increased levels of PAR4 and control cells before and after docetaxel treatment. Some of the top gene networks generated from the differentially expressed genes were related to the wingless-type MMTV integration 1 (WNT) canonical (WNT/β-catenin) and non-canonical (β-catenin-independent) pathways. The Human WNT signaling pathway RT 2 profiler™ PCR array was used to validate the effects of PAR4 on the expression pattern of genes involved in the WNT pathway. CACNAD2A3, GDF5 and IL6 were upregulated and NANOG was downregulated in the MCF7 breast cancer cells expressing increased levels of PAR4 after treatment with docetaxel, likely indicating inactivation of the WNT/β-catenin pathway. Upregulation of FGF7, LEF1 and TWIST1 indicated activation of the WNT/β-catenin pathway. Although preliminary, our findings could be of particular interest for understanding the action of PAR4 in chemosensitivity, particularly to increase the specificity and effectiveness of drug treatment and overcome resistance to chemotherapy. Further studies are needed to better understand the biological roles of PAR4 in the regulation of WNT pathways in breast cancer cells in response to docetaxel and other chemotherapeutic agents.
Introduction
Breast cancer is a hormone-dependent disease of complex multifactorial etiology and is the main cause of death in females due to cancer. Approximately 1.15 million new cases of breast cancer are diagnosed every year and it accounts for 14% of deaths due to cancer in women worldwide (1) . The recent trend of a decreased rate of death due to breast cancer is the result of improvements in the early diagnosis of the disease, although the therapeutic options for more advanced stages are still quite limited. Docetaxel, a taxane with antimicrotubule activity, is a very effective drug for the treatment of metastatic breast cancer. The use of adjuvant taxane therapy also offers significant benefits for patients with early stage breast cancer (2) . Despite the effectiveness of docetaxel in the treatment of breast cancer, the exact mechanisms and/or markers associated with chemosensitivity or resistance to docetaxel remain unclear (3) .
The PKC apoptosis WT1 regulator (PAWR) gene, also called prostate apoptosis response 4 (PAR4), encodes a 342-amino acid pro-apoptotic protein that plays a central role in cancer cell survival and can be considered a candidate for tumor cell-selective therapy (4) . PAR4 protein comprises two nuclear localization signals (NLS): a leucine zipper domain at its carboxy terminal region, and a selective for apoptosis induction in cancer cells (SAC) domain in the central region of the molecule (5, 6) .
PAR4 plays a role in both the intrinsic and extrinsic apoptotic pathways. Intracellular PAR4 induces apoptosis due to its ability to activate the Fas/FasL/FADD/caspase 8 pathway by inhibiting the NF-κB survival pathway, which requires PKA-mediated PAR4 phosphorylation at the T155 residue, and by downregulation of Bcl-2 expression (7) (8) (9) . On the other hand, PAR4 protein is spontaneously secreted by normal and tumor cells in culture via the classical endoplasmic reticulum (ER)/Golgi pathway, stimulated by stress-inducing Prostate apoptosis response 4 (PAR4) expression modulates WNT signaling pathways in MCF7 breast cancer cells: A possible mechanism underlying PAR4-mediated docetaxel chemosensitivity factors of the ER. The PAR4/GRP78 interaction induces apoptosis via the ER stress pathway and activation of the FADD/caspase-8/caspase-3 pathway (10).
PAR4 is expressed in cells from different tissues, including mammary gland epithelial cells (11, 12) . Alterations in PAR4 expression have been observed in prostate tumor (13) , melanoma (14) , renal tumor (15) and hematopoietic (16) cell lines. Decreased PAR4 expression has been demonstrated in different types of cancers, including neuroblastoma (17) , endometrial cancer (18) , renal cell carcinoma (15) , pancreatic tumors (19) , and breast cancer (20,21), and PAR4-knockout mice were found to develop spontaneous tumors in various tissues (22) .
PAR4 expression is not enough to induce cell death, but it increases the sensitivity of most tumor cells to secondary apoptotic stimulus (8, 23, 24) . Research indicates that PAR4 presents attractive anti-tumoral therapeutic potential, especially due to its tumor cell selectivity. In mouse tumor models, PAR4 overexpression was found to result in tumor regression due to activation of apoptosis via the Fas/FADD receptor (12). Zhao et al (25) also observed that transgenic mice expressing a SAC domain are normal regarding their development and life expectancy in addition to being resistant to tumor growth. In a study on K562 myeloid (Bcr-Abl-positive) cells, PAR4 overexpression enhanced sensitivity to imatinib and inhibitors of histone deacetylases (HDACs), increasing the apoptosis rate of cells resistant to conventional treatment with doxorubicin and agonist Trail and Fas (16) . Increased PAR4 expression also increased apoptosis induction in response to ER stress agents in CAKi renal tumor cells through decreased XIAP anti-apoptotic protein levels and p-Akt kinase (26) . An in vivo study by Kline et al (27) demonstrated the possible role of PAR4 in colon cancer treatment. Mice receiving nanoliposomes containing the PAR4 expression vector were more susceptible to 5-fluorouracil (5-FU) chemotherapy. Wang et al (28) also showed that PAR4 sensitized colon cancer cells to 5-FU inhibiting NF-κB and deregulating the miRNA pathway. Increased expression of PAR3 in SW480 and HT29 tumor cells led to interaction between PAR4 and NF-κB in the cytoplasm, avoided nuclear translocation of p65 and p50 subunits, and reduced cell survival. Furthermore, cells with increased PAR4 expressed reduced levels of DROSHA, a regulator protein in the miRNA pathway, leading to increased pro-apoptotic (Bim) target translation and decreased translation of anti-apoptotic targets, such as Bcl-2 (28).
In rats, Alvarez et al (29) demonstrated that treatment of mammary tumors with adriamycin and cyclophosphamide, followed by paclitaxel, led to significant tumor regression and that the tumors that relapsed after chemotherapy exhibited markedly reduced PAR4 expression. The same was found for patients with breast cancer; PAR4 levels were associated with increased recurrence over 5 years compared to women with breast tumors expressing higher levels of PAR4 (29) . Previous results from our group indicated that the expression of PAR4 modulates proliferation and cell death and affects the response of MCF7 breast cancer cells to treatment with docetaxel (23) . However, the possible mechanisms involved in the PAR4-mediated chemosensitivity to docetaxel remain largely unknown. In the present study, we provide evidence that PAR4 modulates several genes involved in the wingless-type MMTV integration 1 (WNT) signaling pathway that could take part in docetaxel chemosensitivity in breast cancer cells. Twenty-four hours after transfection, the cells were selected with geneticin (Gibco, Gaithersburg, MD, USA). The selected clones were screened for PAR4 mRNA and protein expression by real-time PCR and western blotting, respectively. MCF7pcNEO and MCF7pcPAR4 cells were treated with 100 nM docetaxel (BD Pharmingen, San Jose, CA, USA) for 24 h for the cDNA microarray analysis or 50 nM docetaxel for 24 h for the PCR array analysis. The MCF7pcNEO and MCF7pcPAR4 control cells were maintained with the vehicle solution (absolute ethanol) for 24 h.
Materials and methods

Cell
RNA extraction. Before and after docetaxel treatment for 24 h, total RNA was extracted from the MCF7pcNEO and MCF7pcPAR4 cells using the acid guanidinium thiocyanate-phenol-chloroform method (30) . The RNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The sample integrity was also determined by RNA Nano Chips using the Agilent 2100 Bioanalyzer platform (Agilent Technologies, Inc., Santa Clara, CA, USA). High quality RNA was purified using the RNeasy Mini kit (Qiagen, Germantown, MD, USA).
cDNA microarray analysis. The cDNA microarray analysis was performed using the Low Input RNA Linear Amplification kit 2-color (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) for the amplification of 200 ng of purified RNA. T7 RNA polymerase was added to generate complementary RNA (cRNA) and the test samples were labeled with cyanine 5 (Cy-5) fluorochrome. The reference sample was labeled with cyanine 3 (Cy-3) fluorochrome. The cRNAs were purified using the RNeasy Mini kit (Qiagen, Germantown, MD, USA), and 825 ng of labeled cRNAs were hybridized with the Human GE 4x44K V2 slides (Agilent Technologies, Inc.) for 17 h at 65˚C. The slides were washed with GE Wash Buffer 1 and GE Wash Buffer 2 (Agilent Technologies, Inc.) following the manufacturer's instructions and digitized by the Agilent Microarrays Scanner (Agilent Technologies, Inc.). The data were quantified and the quality control was performed using Agilent FE Software (Agilent Technologies, Inc.). The extracted data were imported to Agilent Gene Spring 12.5-GX Analyze Program (Agilent Technologies, Inc.). The IPA Ingenuity ® system (Qiagen) was used to identify and construct gene networks.
The data discussed in this publication have been deposited in NCBI's gene Expression Omnibus (31) and are accessible through GEO Series accession number GSE81064 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81064).
Human WNT signaling pathway RT
2 profiler™ PCR array. The Human WNT signaling pathway RT 2 profiler™ PCR array plate is a panel containing 84 key genes involved in the canonical and non-canonical WNT pathway and 5 endogenous genes for reaction control. The reaction was performed according to the manufacturer's instructions except for the cDNA synthesis, which was carried out using the High capacity archive kit (Applied Biosystems Life Technologies, Foster City, CA, USA). Real-time PCR was performed using SYBR-Green Master Mix (Qiagen) and processed in the GeneAmp 5700 Sequence Detection system (Applied Biosystems Life Technologies, Singapore). The data were exported to and analyzed by RT 2 profiler PCR array data analysis template v 3.3 (SABiosciences, Germantown, MD, USA).
Statistical analysis. Gene expression data derived by Agilent was compared for MCF7pcPAR4 vs. MCF7pcNEO cells before and after treatment with docetaxel. According to our experimental design, the statistical test selected was two-way ANOVA. The P-value computation algorithm and the P-value correction test applied were asymptotic and Benjamini Hochberg FDR, respectively. A Venn diagram appears when two-way ANOVA tests are performed and reflects the union and intersection of entities passing the chosen cut-off. For Gene Ontology (GO) analysis the P-value cut-off was set at 1.0. All tests were two-sided and an adjusted P<0.05 was considered to indicate a statistically significant difference.
Results
In a previous study, we showed that PAR4 upregulation increases the sensitivity of MCF7 breast cancer cells to docetaxel (23) . MCF7 cells transfected with the expression vector for PAR4 (MCF7pcPAR4) exhibited an ~4.5-fold increase in PAR4 protein expression in comparison with the level noted in the MCF7pcNEO cells, which were transfected with the empty vector (Figs. 1A and B) . After treatment with docetaxel, the MCF7 cells with increased PAR4 expression exhibited increased proliferation restraint when compared with the MCF7pcNEO cells. Similar effects on cell proliferation were observed following treatment with docetaxel at 50 and 100 nM for 24 h (Fig. 1C) . To better understand the mechanisms involved in PAR4-mediated chemosensitivity, we evaluated the effect of PAR4 on the expression profile of MCF7 breast cancer cells before and after treatment with docetaxel. A Venn diagram was used to represent the number of differentially expressed genes that were common or exclusive in the different comparisons (Fig. 2) .
Before docetaxel treatment, 1,045 genes were upregulated and 549 were downregulated in the MCF7pcPAR4 cells vs. MCF7pcNEO cells, with 702 of the upregulated genes and 433 of the downregulated genes found exclusively in this comparison. After docetaxel treatment, a total of 355 genes were upregulated and 178 were downregulated in the MCF7pcPAR4 cells vs. MCF7pcNEO cells, with 275 of the upregulated genes and 147 of the downregulated genes found exclusively in this comparison. Forty-one of the upregulated genes were identified both before and after docetaxel treatment, but only 6 downregulated genes were identified both before and after docetaxel treatment.
Gene Ontology (GO) analysis was performed to categorize the differentially expressed genes in terms of the cellular processes in which they participate. Considering the upregulated genes, cell communication, extracellular structure organization and cellular developmental processes were the top categories in the comparisons of MCF7pcPAR4 and MCF7pcNEO cells before and after docetaxel treatment. Regardless of the observed enrichment, the number of genes represented varied by ≥50% in some categories after treatment with docetaxel. Among the categories we highlight secretion by cell, signal transduction by phosphorylation, cell cycle, cell death, cell cycle processes, microtubule-based processes, and execution phase of apoptosis, which are related to the pro-apoptotic function of PAR4 and anti-microtubule and anti-mitotic actions of docetaxel (Fig. 3) .
To assess the possible interactions between the differentially expressed genes, numerous gene networks were generated using the IPA Ingenuity ® program for the comparisons between MCF7pcPAR4 and MCF7pcNEO cells before and after treatment with docetaxel. Many of the gene networks generated revealed the modulation of several genes directly or indirectly related to the WNT signaling pathway, such as WNT1, WNT7A, WNT8A, WNT9A, FZD8, TCF, LEF1, SOX5, SOX7, SOX11, SOX17, WISP2 and RUNX2 (Figs. 4-6) . We observed an inversion in the expression patterns of some genes related to the WNT pathway after docetaxel treatment, including WNT1, which was upregulated in the MCF7pcPAR4 cells before treatment (Fig. 4) but downregulated after treatment with docetaxel (Fig. 5) , and members of the Frizzled gene family, which were found to be downregulated in the MCF7pcPAR4 cells before treatment and upregulated after docetaxel treatment (Fig. 6) .
In order to validate the effects of PAR4 expression on the regulation of genes involved in the WNT signaling pathway in our experimental model, we used the human WNT signaling pathway RT 2 profiler™ PCR array. Fig. 7 shows the expression profile of 84 genes involved in the WNT signaling pathway in MCF7pcPAR4 vs. MCF7pcNEO cells before and after treatment with docetaxel. Four transcripts (CDON, CTGF, TCF4 and WNT3A) were regulated by increased PAR4 expression and exhibited no significant modulation after docetaxel treatment. Seven transcripts (CACNA2D3, DAB2, GJA1, LEF1 , NANOG, PDGFRA and WNT9A) were modulated in MCF7 cells expressing increased levels of PAR4 only in the presence of docetaxel. Seventeen transcripts (AHR, CDH1, CDKN2A, DKK1, EGR1, FGF7, FST, GDF5, IL6, NRCAM, NTRK2, RUNX2, SOX2, SOX9, T, TWIST1 and WISP1) were regulated by increased PAR4 expression and further modulated in opposite or incremental directions by docetaxel treatment.
Discussion
Previous data from our group showed that PAR4 inhibits the growth of breast cancer cells and increases their sensitivity to docetaxel (23) . In the present study, to identify differentially expressed genes potentially involved in PAR4-mediated chemosensitivity to docetaxel, we evaluated the expression profiles of MCF7 breast cancer cells expressing different levels of PAR4, before and after docetaxel exposure. Notably, the GO analysis of the differentially expressed genes revealed that some of the cellular processes modulated by PAR4 overexpression in the presence and absence of docetaxel are related to the pro-apoptotic functions of PAR4 and anti-microtubule and anti-proliferative actions of docetaxel (e.g., cell division, cell cycle processes, microtubule-based processes and execution phase of apoptosis), confirming the functionality of our experimental model.
Using the IPA Ingenuity ® program, several gene networks were generated from the differentially expressed genes. Many of the top gene networks generated were related to the canonical and non-canonical WNT signaling pathway. The WNT signaling pathway is highly conserved and can be divided into two signaling pathways: the WNT/β-catenin pathway referred to as the canonical pathway and the β-catenin-independent WNT signaling referred to as the non-canonical pathway. The WNT signaling pathways control important biological processes, such as embryonic development, proliferation, cell migration, cell polarity, morphogenesis and tissue regeneration, and alterations in this signaling pathway have been shown to be involved in the tumorigenic process of a number of malignancies, including breast cancer (32, 33) .
WNT1 and members of the Frizzled family of genes, such as FZD8, were upregulated and downregulated, respectively, in cells expressing increased levels of PAR4 before docetaxel treatment and were inversely modulated after docetaxel treatment. The FZDs are transmembrane cell surface receptors activated by the WNT family of lipoglycoproteins to activate canonical and/or non-canonical WNT signaling (34) . In invasive breast tumors, WNT1 expression seems to promote differentiation and apoptosis but inhibits proliferation, and is associated with a better prognosis in a subgroup of patients with stage II disease (35) . FZD8 was shown to be overexpressed in human lung cancer tissue and cell lines. Furthermore, FZD8 knockdown by siRNA has been shown to inhibit cell proliferation, decrease the activity of the WNT pathway in in vitro/in vivo models, and sensitize lung cancer cells to docetaxel chemotherapy (36) . In breast cancer, inhibition of FZD8 expression in CRL2335 cells in the presence of cisplatin plus TRAIL was found to reduce β-catenin and survivin levels, leading to increased apoptosis. FZD8 expression was also observed in residual triple-negative breast tumors treated with cisplatin and TRAIL, suggesting that FZD8 expression may play a role in chemoresistance in triple-negative breast tumors (37) . Taken together, the data suggest that the modulation of WNT1 and FZD8 by PAR4 may be one of the mechanisms involved in PAR4-mediated chemosensitivity. Although some attempts have been made to classify the canonical and non-canonical WNT pathways according to the activated WNT receptors or co-receptors, to what extent these pathways may overlap is still controversial. In addition, as WNT signaling is implicated in various diseases, efforts are being made to identify molecules that interfere with the pathway in a cell type-specific manner (38) .
We used the human WNT signaling pathway RT² profiler™ PCR array to evaluate the effects of PAR4 on the expression of a number of genes involved in the canonical and non-canonical WNT signaling pathways in our experimental model. The expression profiles of EGR1, IL6, SOX2 and WISP1 in MCF7 cells with increased PAR4 expression before treatment with docetaxel likely indicate inactivation of the WNT/β-catenin signaling pathway (39) (40) (41) (42) . However, the expression profiles of CDKN2A, FGF7, TWIST, NTRK2 and SOX9 in the same cell conditions, likely suggest activation of the WNT/β-catenin signaling pathway (43) (44) (45) (46) (47) . Furthermore, the observed expression profiles of CACNAD2A3, GDF5, IL6 and NANOG in MCF7 cells with increased PAR4 expression after treatment with docetaxel suggest inactivation of the WNT/β-catenin pathway (41, (48) (49) (50) , whereas the expression of FGF7, TWIST and LEF1 transcripts, under the same cell conditions, suggests that WNT/β-catenin signaling is active. These are target genes of the canonical pathway and have been associated with epithelial-mesenchymal transition (EMT) and chemoresistance (44, 51, 52) .
Alterations in the WNT/β-catenin signaling pathway have been shown to be a frequent event in the tumorigenic process and chemoresistance in various types of cancer (53, 54) . In breast cancer, alterations in the WNT/β-catenin signaling pathway are critical to tumor development and progression (55) . In addition, increased expression of the Frizzled receptors or aberrant activation of β-catenin have been associated with resistance to radiotherapy and chemotherapy in breast cancer (56, 57) . Furthermore, downregulation of the WNT/β-catenin signaling pathway inhibits EMT and reduces invasion in breast cancer cell lines (58, 59) . However, to the best of our knowledge no studies have addressed the involvement of PAR4 in the WNT signaling pathway and treatment with docetaxel in breast cancer.
Here we provide evidence that increased PAR4 expression is able to modulate the expression of genes involved in the canonical and non-canonical WNT signaling pathways. Our findings are still preliminary and do not allow us to state that the WNT pathway would be active or inactive in MCF7 cells in the presence of PAR4 with or without treatment with docetaxel, and they do not allow us to predict the exact biological role of these pathways in chemosensitivity to docetaxel in breast cancer cells.
The role of Wnt and its downstream effectors have been demonstrated in primary human breast tumors as well as breast cancer cell lines and are suggested to play an important role in breast tumor development and progression (60) (61) (62) . Collectively, our study also opens up the possibility to speculate that PAR4 increases breast cancer cell chemosensitivity by the modulation of the WNT signaling pathway. However, investigations using different breast cancer cell lines with different expression of PAR4 treated with different chemotherapeutic agents in the presence and absence of WNT pathway inhibitors will need to be performed to better understand the relationship between the expression of PAR4 and the WNT pathway in chemosensitivity to docetaxel and other chemotherapeutic agents; issues that we are currently addressing. 
